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ScienceDirectIn addition to the genome editing technology, novel functional
analyses using electroporation are powerful tools to reveal the
gene function in the color pattern formation. Using these
methods, several genes involved in various larval color pattern
formation are clarified in the silkworm Bombyx mori and some
Papilio species. Furthermore, the coloration pattern
mechanism underlying the longtime mystery of female-limited
Batesian mimicry of Papilio polytes has been recently revealed.
This review presents the recent progress on the molecular
mechanisms and evolutionary process of coloration patterns
contributing to various mimicry in Lepidoptera, especially
focusing on the gene function in the silkworm and Papilio
species.
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Introduction
In the course of evolution, insects have been continuously
attacked by predators and have developed various defense
strategies to avoid predation. Body color patterns in wings
or other parts are widely used as warning signals to pre-
dators or as a camouflage to protect themselves [1–3]. In
various types of mimicry, such as Mullerian and Batesian
mimicries, the coloration pattern is the most essential
factor in deceiving predators [4,5,6]. Most body colors
comprise various pigments, whereas some are formed by
structural colors. Biochemical and genetic studies have
revealed many chemical substances and pigment synthe-
sis pathways involved in color formation [7,8,9]. How-
ever, it remains unclear how color patterns are formed and
regulated, especially at the gene level. To answer thisCurrent Opinion in Insect Science 2016, 17:16–23 question, the functional analyses of genes are necessary,
but they have been difficult especially in non-model
insects owing to a lack of practical methods. Recent
progress in genome editing technology has provided an
opportunity to analyze the molecular mechanisms of col-
oration [10]. Alternatively, we have recently developed a
novel method using in vivo electroporation, which enables
DNA or dsRNA introduction into the somatic tissues of a
target area [11,12]. This method is rapid, is applicable to
somatic tissues, and enables the mosaic analysis of essen-
tial genes in a limited area. In this review article, I describe
recent advances in elucidating color pattern formation in
Lepidoptera based on functional analyses.
A novel method to analyze gene function in
color pattern formation
Genome editing based on TALEN or CRISPR/Cas tech-
niques have been applied in various entomological areas
[13,14,15–17]. However, genome editing presents some
problems: (1) the difficulty of injecting materials into eggs
in non-model insects, (2) the laborious task of rearing large
number of offspring for selection, and (3) difficulty in
disrupting essential genes that leads to lethality. Although
gene knockdown by systemic RNA interference (RNAi) is
possible in many insect species, it does not work in many
lepidopteran tissues probably because dsRNA is not incor-
porated efficiently into cells [18,19].
Among several approaches aiming to establish methods
for analyzing gene function in insects [20,21], we have
recently developed a novel practical method using in vivo
electroporation [11] (Figure 1). This method enables not
only a specific gene knockdown by siRNA but also gene
overexpression by somatic transgenesis in target tissues.
In somatic transgenesis, the piggyBac transposase
encoded in a co-injected helper plasmid can integrate
the gene on the donor plasmid into the host genome,
where it is stably overexpressed during development.
This method offers several advantages: (1) the effects
are observed just 2–3 days after injection in any develop-
mental stages; (2) the mosaic effects and gene expressions
are contrasted between the targeted (positive) and neigh-
boring (negative) regions; (3) the phenotypic effects of
vital gene whose knockout in the entire body causes
lethality can be observed. In particular, gene function
in color and body pattern formation is easily analyzed by
this method [12,22,23,24,25].
The detailed method is summarized in Figure 1. After
injecting siRNA or a plasmid set for somatic transgenesiswww.sciencedirect.com
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A novel method of electroporation-mediated functional analysis. (a) Schematic structures of donor and helper plasmids for somatic transgenesis. L
and R indicate the inverted repeats that are boundary sequences of the piggyBac transposon. (b) Injection and electroporation processes. After
siRNA or DNA injection into larval skin or pupal wing by glass capillary, electroporation is performed with negative and positive electrodes
touching on the phosphate-buffered saline (PBS) drops. (c) Introduction of siRNA or DNA into epidermal cells. Negatively charged RNA or DNA is
introduced into the region near the positive charged PBS only.(Figure 1a) into hemolymph through a glass capillary,
phosphate-buffered saline (PBS) drops are placed near
the target region. Electroporation is then performed with
tiny electrodes (positive and negative) touching on the
PBS drops (Figure 1b). Negatively charged RNA or DNA
is incorporated only into the region (epidermis or other
tissues) near the positively charged electrode (Figure 1c).
The siRNA knockdown effect lasts for approximately
1 week, whereas the overexpression of the gene integrat-
ed by somatic transgenesis is permanent. We found that
appropriate conditions for electroporation depend on thewww.sciencedirect.com target tissue, developmental stage, and insect species. In
this article, we present video instructions (Supplementary
file 1) for the detailed process of manipulation in butterfly
wings, for the convenience of readers.
Adaptive color pattern formation in
caterpillars
In nature, we observe various body colors and patterns in
caterpillars [2,3,26], but the mechanisms for larval color
pattern formation are largely unknown in contrast to those
for butterfly wing patterns [1,4].Current Opinion in Insect Science 2016, 17:16–23
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The silkworm Bombyx mori has over 50 mutant strains
showing various larval pigmentation and patterns, which
makes it an important insect for the study of larval
coloration in Lepidoptera. Using silkworm genome se-
quence information [27], more than 10 genes involved in
the loci governing larval pigmentation (al [28], bts [29], ch
[30], cts [31], L [23], lem [32], ro [33], sch [34], so [30], p
[24] and q [35]) have been identified to date, mainly by
positional cloning (see NBRP silkworm; http://silkworm.
nbrp.jp/index_en.html). Most of the above loci are in-
volved in the pigment synthesis pathway or its regulation;
tyrosine hydroxylase for sch, ebony for so, tan for ro, yellow for
ch, yellow-e for bts, BmMFS for cts, guanylyl cyclase for q,
sepiapterin reductase for lem and 6-pyruvoyl-tetrahydropterin
synthase (PTS) for al. Although some structural deficien-
cies of genes in mutant strains are shown in all cases,
functional analysis is conducted in only a few cases.
Two mutations, those in L and p, are involved not only in
pigmentation but also in pattern formation, as shown by the
novel functional analyses mentioned above [23,24]. Multi-
lunar (L) has twin spot markings in sequential larval seg-
ments, one of the aposematic coloration pattern in lepidop-
teran larvae [2] (Figure 2a). Positional cloning and
expression analyses indicated that a cis-regulatory change
in Wnt1, which responds to ecdysteroid (20E), is responsi-
ble for the repeated formation of spot patterns [23]
(Figure 2a). Transgenic and siRNA experiments by elec-
troporation verified this notion. It is hypothesized that Wnt1
is expressed ectopically in the center (bulge structure) of
the spots that is dependent on the 20E rise at each molt,
which subsequently induces region-specific coloration
(Figure 2b). Similar expression patterns of Wnt1 are ob-
served in sequential larval spots of the swallowtail butterfly
Papilio machaon, suggesting that periodic Wnt1 expression is
widely used for spot patterning on caterpillars.
The p locus has 15 different alleles associated with
various larval pigmentation patterns, some of which are
involved in branch-like markings and eyespot formation
[4,36]. The large number of alleles makes the p locus a
good model for understanding the molecular background
of phenotypic diversity in larval pigmentation patterns.
Positional cloning and electroporation-mediated func-
tional analyses have shown that differential expression
of a previously undescribed transcription factor Apt-like
causes the pattern variation in each p allele, which seems
to be a mediator of Wnt1 signal in induction of several
melanin synthesis genes [24,37]. Knockdown of apt-like
causes a loss of spot patterns on L larva (Yoda et al.,
unpublished data) and that apt-like orthologs from P.
machaon, P. xuthus, and Pachliopta aristolochiae can pro-
duce melanin pigments in silkworm [24]. These findings
suggest that the Wnt1 and apt-like gene networks are
widely involved in melanin synthesis pathways in Lepi-
doptera (Figure 2c).Current Opinion in Insect Science 2016, 17:16–23 (Papilio caterpillars)
Swallowtail larvae are good models to search for genes
involved in color pattern formation because they have
many specific markings and change their patterns drasti-
cally at the final molt, from a bird-dropping-like mimetic
pattern to a green cryptic pattern [3] (Figure 3a). Our
initial searches for the marking-associated genes in P.
xuthus revealed that tyrosine hydroxylase (TH), dopa decar-
boxylase (DDC), yellow, ebony, and guanosine triphosphate
cyclohydrolase I are associated with stage-specific melanin
pigmentation [38–41]. This role is in contrast to less
marking specificity of TH and DDC in Drosophila pigmen-
tation [7,42]. Further studies have shown that tan and
laccase 2 are involved in specific marking formation, and
the stage-specific expression of these melanin pathway
genes suggests that melanin pigmentation is controlled by
a two-phase pre-patterning process [33]. Comprehensive
micro-array screening has revealed novel classes of mark-
ing-specific genes such as cuticular protein genes associ-
ated with the unique surface nanostructure of the
markings, transcription factor gene spalt, and an ecdys-
teroid-inducible transcription factor gene, E75, associated
with eyespot markings [43]. This finding suggests that
E75 is a mediator controlling pattern formation or switch
at molt in an ecdysteroid-dependent manner.
It is of interest to search for genes contributing to species-
specific patterning because adaptive larval markings often
differ between closely related species. The comparison of
three Papilio species (xuthus, machaon, and polytes)
revealed that the spatial patterns of melanin-related
genes coincide with the species-specific markings [44].
It was shown that the green color is made by co-expres-
sion of bilin-binding protein (BBP) (blue) and yellow-
related gene (YRG) in Papilo species. Based on the F1
hybrid analysis, we also found that the species-specific
change in YRG expression is caused mainly by changes in
the distribution of trans-regulatory proteins but not by cis-
regulatory change [44], in contrast to pigmentation pat-
tern control in Drosophila species [7,42,45].
The switch of Papilio larval markings is shown to be
controlled by juvenile hormone (JH); JH addition in the
early stage of the fourth instar (the JH-sensitive period)
inhibits the switch [3]. It is also reported in the tobacco
hornworm Manduca sexta that JH regulates its larval
coloration, black or green, [46]. RNA-seq analyses (Jing
et al., unpublished data) have suggested that a dozen JH-
sensitive genes are involved in the switching and forma-
tion of specific markings on the last-instar larvae, although
further studies are needed.
Pupal color changes of Papilio species in
response to environment
The pupal colors in Lepidoptera are also diversified; most
Papilo pupae exhibit green or brown cryptic colors that
blend into background colors (Figure 3b) [47]. Notably,www.sciencedirect.com
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Hypothetical model for larval spot pattern formation. (a) Multi lunar (L) (left) and p locus mutants ( p, plain; +p, normal marking; pS, Striped) (right)
of the silkworm. (b) Sequential larval spot patterns caused by Wnt1. The cis-regulatory change in Wnt1 enables spot pattern formation. The cis-
regulatory element that responds to 20-hydroxyecdysone (20E) arises near the Wnt1 gene in Multi lunar (L) mutant. (c) Repeated spot pattern
formation in response to 20E at each larval molt. Ectopic expression of Wnt1 in bulge structure in each segment is induced by 20E during molt,
further inducing color pigment synthesis. (d) Signaling pathway for larval spot pattern. It is not certain whether the relationships between the
gene(s) are direct or indirect.these pupal colors change in response to the environment.
Generally, environmental factors, such as temperature,
relative humidity, photoperiod, and light wavelength,
affect pupal coloration in butterflies [48,49]. However,
the coloration change in Papilio pupae is thought to be
dependent mainly on tactile stimuli [50]. A larva crawling
on a smooth stalk becomes green pupa, whereas a larva onwww.sciencedirect.com a rough stalk becomes brown. It is suggested that the
stimulus induces the secretion of a neuropeptide that
causes brown color formation in the pupal epidermis. The
pupal cuticle-melanizing hormone (PCMH) is secreted
from the brain, suboesophageal ganglion, and thoracic
ganglion (Br-SG-TG) complex during the pharate pupal
stage, but PCMH has not yet been identified [47,51].Current Opinion in Insect Science 2016, 17:16–23
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Various mimicry systems in Papilio species. (a) Papilio larval coloration is changed from a bird-dropping mimetic pattern to a host plant leaf-like
cryptic pattern. (b) Papilio pupal colors, brown or green, are switched in response to the scaffolds where they crawl in the late larval stages. (c)
Mimetic-type female of P. polytes mimics the coloration patterns of Pachliopta aristolochiae. The genetic locus H controls the dimorphic traits
between non-mimetic (genotype: hh) and mimetic (Hh or HH) females.Our recent studies on P. polytes (Muraoka et al., unpub-
lished data) indicate that the expressions of black and red
pigment-related genes are upregulated in brown pupae.
Meanwhile, BBP genes are highly expressed in green but
repressed in brown pupae. Carotenoid-binding protein
genes associated with yellow coloration are expressed in
both pupae. These observations indicate that brown pupa
is formed with black, red, and yellow pigments and a
green pupa is formed with blue and yellow pigments, a
situation similar to larval coloration [44]. In the P. polytes
genome, there are five BBP genes; BBP1 and BBP2 areCurrent Opinion in Insect Science 2016, 17:16–23 expressed in the larval and pre-pupal stages, but BBP4
and BBP5 are expressed only in the pre-pupal stage for
green pupa, indicating that they are green pupa-specific
genes (unpublished data). The function of multiple cop-
ies of BBP genes may have diversified and adapted to the
life cycle of Lepidoptera during evolution.
Adult-wing coloration patterns involved in
Batesian mimicry
Many unpalatable butterflies that incorporate defensive
chemicals exhibit conspicuous wing patterns for warningwww.sciencedirect.com
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Genomic structure of the H locus responsible for Batesian mimicry in P. polytes. The gene structure around the H locus on chromosome 25 of P.
polytes is compared between H (mimetic) and h (non-mimetic) types. An approximately 130-kb region around dsx is inverted between two
chromosomes.[1,4,9]. Some of them share similar wing patterns, provid-
ing mutualistic protection, a strategy called Mullerian
mimicry. Recent extensive studies on heliconid butter-
flies have revealed molecular mechanisms underlying
Mullerian mimicry in which multiple genetic loci are
involved in mimicry phenotypes [5,52–55]. By contrast,
some palatable butterflies have another strategy called
Batesian mimicry for protecting themselves from preda-
tors in which they mimic unpalatable model butterflies
with conspicuous color patterns [1,4,6]. The females of P.
dardanus show various types of color patterns resembling
different models. Recent studies suggest that the tran-
scription factor genes engrailed and invected are associated
with polymorphic mimicry traits controlled by a single
locus [56,57]. P. polytes also shows female-limited poly-
morphic Batesian mimicry [6,58] (Figure 3c). Only the
mimetic females of P. polytes resemble the model butter-
fly Pachliopta aristolochiae. This polymorphism is con-
trolled by a single autosomal locus, H, but the
molecular mechanisms of the female-limited Batesian
mimicry has long been unrevealed [59,60,61].
We found that drastic changes in gene networks of red
and pale yellow regions in hind wings can switch color
patterns between the non-mimetic and mimetic females
of P. polytes [9]. More importantly, two recent studies have
found by linkage mapping that the gene responsible for
the H locus is doublesex (dsx) [12,62]. Independently,
the whole-genome sequence of P. polytes revealed a single
long autosomal inversion outside dsx between mimetic
(H) and non-mimetic (h) chromosomes [12] (Figure 4).www.sciencedirect.com The inverted region in the H-chromosome contains two
genes other than dsx. Inverted structure is often observed
in some other ‘supergene’ [54,63,64]. Less similarity
between the inverted region of H-chromosomes and h-
chromosomes is consistent with the accelerated fixation of
mutations caused by repressed recombination in inverted
genomic region [12]. Electroporation-mediated knock-
down showed that only dsx from H-chromosome (dsx_H),
and not dsx_h, induces mimetic patterns but simulta-
neously represses non-mimetic patterns on female wings
[12]. This finding indicates that dsx_H switches pre-
determined coloration pattern in female wings and that
female-limited polymorphism is tightly maintained by
chromosomal inversion.
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